MicroRNAs (miRNAs) are a class of short endogenous noncoding small RNAs that direct post-transcriptional gene silencing in eukaryotes. In plants, the expression of a large number of miRNAs has been shown to be regulated during pathogen infection. However, the functional role of the majority of these pathogen-regulated miRNAs has not been elucidated. In this work, we investigated the role of Arabidopsis miR858 in the defense response of Arabidopsis plants to infection by fungal pathogens with necrotrophic (Plectosphaerella cucumerina) or hemibiotrophic (Fusarium oxysporum and Colletotrichum higginsianum) lifestyles. Whereas overexpression of MIR858 enhances susceptibility to pathogen infection, interference with miR858 activity by target mimics (MIM858 plants) results in disease resistance. Upon pathogen challenge, stronger activation of the defense genes PDF1.2 and PR4 occurs in MIM858 plants than in wildtype plants, whereas pathogen infection induced weaker activation of these genes in MIR858 overexpressor plants. Reduced miR858 activity, and concomitant up-regulation of miR858 target genes, in MIM858 plants, also leads to accumulation of flavonoids in Arabidopsis leaves. The antifungal activity of phenylpropanoid compounds, including flavonoids, is presented. Furthermore, pathogen infection or treatment with fungal elicitors is accompanied by a gradual decrease in MIR858 expression in wild-type plants, suggesting that miR858 plays a role in PAMP (pathogenassociated molecular pattern)-triggered immunity. These data support that miR858 is a negative regulator of Arabidopsis immunity and provide new insights into the relevant role of miR858-mediated regulation of the phenylpropanoid biosynthetic pathway in controlling Arabidopsis immunity.
Introduction
As sessile organisms, plants have evolved multiple mechanisms to perceive and efficiently respond to potential pathogens which involve extensive transcriptional reprogramming of defense gene expression. Immunity is initiated by the recognition of microbial molecular signatures, collectively named pathogen-associated molecular patterns (PAMPs), by host pattern recognition receptors (PRRs) (Jones and Dangl 2006 , Boller and He 2009 , Zipfel 2014 . Sensing PAMPs triggers a general defense response referred to as PAMP-triggered immunity (PTI), which operates against most pathogens (Bigeard et al. 2015) . Among others, PTI components include production of reactive oxygen species (ROS), reinforcement of the cell wall by deposition of lignin, activation of protein phosphorylation/ dephosphorylation processes and accumulation of antimicrobial compounds (e.g. phytoalexins). The induction of a group of genes known collectively as Pathogenesis-Related (PR) genes is also a ubiquitous response of plants to pathogen infection (van Loon et al. 2006) . To counteract this innate defense, pathogens can deliver virulence effector proteins into plant cells that suppress PTI (Boller and He 2009 ). In turn, many plants have evolved Resistance (R) proteins that directly or indirectly detect microbial effectors. This recognition triggers a rapid and effective host defense response, the so-called effector-triggered immunity (ETI), which is highly specific (isolate, race or pathovar specific) (Cui et al. 2015) . Treatment with microbial elicitors triggers the same responses that are observed in infected tissues (Boller and Felix 2009) . Immune responses against fungal and bacterial pathogens have been traditionally considered as protein-based defense mechanisms, largely independent from the RNA-based mechanisms that typically operate in antiviral defense. The phytohormones salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) function as key signaling molecules in disease resistance in plants (Glazebrook 2005 , Denance et al. 2013 . JA and ET might act synergistically or antagonistically in regulating plant defense against pathogen infection, whereas ET/JA and SA signaling pathways often interact in an antagonistic manner.
MicroRNAs (miRNAs) are a class of small non-coding RNAs that direct post-transcriptional gene silencing through sequence-specific cleavage or translational repression of target mRNAs (Llave et al. 2002 , Brodersen et al. 2008 . The crucial role of miRNAs in diverse plant developmental processes, such as leaf, flower and root development, hormone signaling and responses to abiotic stress is well documented (e.g. drought, salinity, cold, heat, oxidative stress and nutrient deficiency) (Palatnik et al. 2003 , Mallory et al. 2004 , Chiou et al. 2006 , Chen 2009 , Jeong and Green 2013 . Increasing evidence also supports that miRNAs play a role in the plant response to pathogen infection (Campo et al. 2013 , Staiger et al. 2013 , Weiberg et al. 2014 , Borges and Martienssen 2015 . The first evidence for miRNAs affecting pathogen defense came from Arabidopsis thaliana, where treatment with the flagellinderived elicitor peptide flg22 from Pseudomonas syringae causes an increase in miR393, a negative regulator of TIR1/ AFB auxin receptors. The miR393-mediated repression of auxin signaling enhances resistance to bacterial pathogens (Navarro et al. 2006) . However, although a substantial fraction of the miRNA transcriptome has been shown to be responsive to pathogen infection in different plant species, the exact role of most of these pathogen-regulated miRNAs in plant immunity remains elusive. Our current knowledge on distinct miRNAs involved in disease resistance comes mainly from studies in Arabidopsis plants infected with the bacterial pathogen P. syringae, and less is known about miRNAs mediating resistance against fungal pathogens.
On the other hand, the general phenylpropanoid pathway metabolism is known to produce an enormous array of secondary metabolites that fulfill many vital biological functions during plant development and responses to environmental cues (e.g. UV protection, defense responses against insect herbivory, flower coloring and auxin transport inhibition) (Naoumkina et al. 2010 , Falcone Ferreyra et al. 2012 . The phenylpropanoid pathway is required for the biosynthesis of flavonoids and monolignols, the building blocks of lignin. In Arabidopsis, distinct members of the MYB (V-myb myeloblastosis viral oncogene homolog) family of transcription factors function as transcriptional activators of genes involved in flavonoid biosynthesis, namely the AtMYB11, AtMYB12 and AtMYB111 genes (Mehrtens et al. 2005 , Stracke et al. 2007 , Liu et al. 2015 . It is also known that miR858 targets, and cleaves, AtMYB11, AtMYB12 and AtMYB111 transcripts (Sharma et al. 2016 , Fahlgren et al. 2007 , Addo-Quaye et al. 2008 , Dubos et al. 2010 .
In this study, we investigated the potential role of miR858 in Arabidopsis disease resistance. Transgenic plants overexpressing MIR858 were found to be more susceptible to infection by fungal pathogens whereas interference with miR858 activity by the target mimic strategy (MIM858 lines) confers pathogen resistance. Fungal pathogens with a necrotrophic (Plectosphaerella cucumerina) or hemibiotrophic [Colletotrichum higginsianum and Fusarium oxysporum f. sp. conglutinans (FOC)] lifestyle were assayed in this work. Resistance to pathogen infection in MIM858 plants is associated with a stronger induction of ETmediated defense responses and flavonoid accumulation, but not lignification. The antifungal activity of flavonoids (e.g. naringenin and kaempferol) and the phenylpropanoid p-coumaric acid is presented. Overall, results presented here support that miR858 functions as a negative regulator of Arabidopsis immunity by controlling accumulation of antifungal phenylpropanoid compounds.
Results

Increased susceptibility to infection by fungal pathogens in Arabidopsis plants overexpressing MIR858
In A. thaliana, miR858 is encoded by two loci, MIR858A and MIR858B. Mature miRNAs, miR858a and miR858b, are 21 nucleotides in length and differ in the last nucleotide, at both the 5' and the 3' end (miR858a, 5'-UUUCGUUGUCUGUUCGAC CUU-3'; miR858b, 5'-UUCGUUGUCUGUUCGACCUUG-3'). To investigate whether miR858 plays a role in Arabidopsis immunity, we overexpressed either MIR858A or MIR858B under the control of the Cauliflower mosaic virus (CaMV) 35S promoter (hereafter MIR858A OE and MIR858B OE plants, respectively). Control Arabidopsis plants carrying the empty vector were also produced. The transgenic Arabidopsis lines overexpressing a MIR858 gene accumulated higher levels of the corresponding pre-and mature miR858 sequences ( Supplementary  Fig. S1A ). No phenotypic differences were observed between MIR858 OE and control plants as determined by visual inspection ( Supplementary Fig. S1B ) and number of rosette leaves ( Supplementary Fig. S1C ).
The MIR858 OE plants were tested for resistance to infection by the fungus P. cucumerina. The Arabidopsis/P. cucumerina pathosystem is a well-established model for studies on basal resistance to necrotrophic fungi (Llorente et al. 2005) . This fungus causes sudden death and blight in different crop species (i.e. melon, soybean, snap bean, pumpkin, squash, zucchini or white luppine), and also infects A. thaliana. As controls, agb1.2 (impaired in the heterotrimeric G-protein b-subunit) and lin1 (impaired in the expression of the high affinity nitrate transporter 2.1, NRT2.1) mutant plants were always included in disease resistance assays against P. cucumerina. The agb1.2 mutant has been shown to exhibit enhanced susceptibility to P. cucumerina (Llorente et al. 2005) , whereas lin1 displays resistance to this fungus (Gamir et al. 2014) . Of interest, MIR858A and MIR858B OE plants displayed enhanced susceptibility to infection by P. cucumerina compared with control plants (wild-type and empty vector) (Fig. 1A) . As expected, lin1 and agb1.2 plants showed resistance and susceptibility, respectively, to infection by a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a ag g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g g ) or mock inoculated. Three infection experiments, each with three independent MIR858A and MIR858B OE lines (24 plants per genotype) were carried out with similar results (results obtained with lines #1 and #2 are shown). Survival (C, F) and diseased leaf area (D, G) were determined at 15 and 7 dpi, respectively. Histograms show the mean ± SD. The statistical significance was determined by ANOVA (*P 0.05, **P 0.01, ***P 0.001). (A) Phenotype of P. cucumerina-infected MIR858 plants. The agb1.2 and lin1 mutants were used as controls (susceptibility and resistance to P. cucumerina, respectively). Images show the phenotype at 7 dpi with fungal spores. (B) Trypan blue staining of P. cucumerina-infected leaves was carried out at 72 hpi. Scale bars represent 200 mm. (C) Survival of P. cucumerina-inoculated MIR858 OE plants. (D) Quantification of P. cucumerina DNA in this pathogen (Fig. 1A) . Trypan blue staining of P. cucumerinainoculated leaves confirmed extensive fungal colonization in MIR858 OE plants whereas, under the same experimental conditions, a few hyphae were observed on leaves of control plants (Fig. 1B) . Susceptibility to fungal infection in MIR858 OE plants was corroborated by a decrease in survival of P. cucumerinainfected plants (Fig. 1C) . Moreover, qPCR analysis confirmed increased levels of P. cucumerina DNA in leaves of MIR858 OE plants compared with control plants (Fig. 1D) .
We also investigated whether MIR858 overexpression enhances susceptibility to fungal pathogens with a hemibiotrophic lifestyle, such as C. higginsianum. This fungus is the causal agent of the anthracnose leaf spot disease on many cultivated forms of Brassica species, including A. thaliana (O'Connell et al. 2004) . Interestingly, MIR858 OE plants exhibited enhanced susceptibility to infection by C. higginsianum as revealed by visual inspection of disease symptoms, determination of plant survival and disease severity (percentage of diseased leaf area), and quantification of fungal biomass in the infected plants ( Fig. 1E-H) .
From these results, it is concluded that overexpression of MIR858, either MIR858A or MIR858B, increases susceptibility to infection by fungal pathogens with a necrotrophic (P. cucumerina) and hemibiotrophic (C. higginsianum) lifestyle in Arabidopsis.
Inactivation of miR858 activity by target mimics enhances resistance to infection by fungal pathogens
The use of transgenic plants designed to interfere with the activity of specific miRNAs through the target mimicry strategy (named as MIM plants) has proven to be a valuable resource to investigate miRNA function, including those involved in immunity (Todesco et al. 2010 , Soto-Suarez et al. 2017 ). Target mimicry is an endogenous regulatory mechanism that plants use to regulate negatively the activity of specific miRNAs in which an endogenous long non-coding RNA (IPS1, Induced by Phosphate Starvation1) binds to miR399, but the pairing is interrupted by a mismatched loop at the expected miRNA cleavage site that abolishes the cleavage effect (FrancoZorrilla et al. 2007) . In this way, IPS1 serves as a decoy for miR399 to interfere with the binding of this miRNA to its target transcripts, leading to miRNA degradation.
In this work, Arabidopsis MIM858 plants were examined for pathogen resistance (for details on the production of MIM858 plants, see Todesco et al. 2010) . Although to a different extent, the accumulation of mature miR858a and miR858b sequences was significantly reduced in MIM858 plants compared with control wild-type and transgenic empty vector plants ( Supplementary Fig. S2A ). The MIM858 plants showed a normal phenotype as judged by estimation of rosette leaf number and diameter ( Supplementary Fig. S2B , C). Most importantly, MIM858 plants exhibited enhanced resistance to P. cucumerina infection ( Fig. 2A; Supplementary Fig. S3 ). Depending on the line, 56-88% of the MIM858 plants survived at 15 days post-inoculation (dpi), but only 21% of the wild-type and 28% of the empty vector plants survived (Fig. 2B) . Trypan blue staining of infected leaves revealed limited fungal growth in MIM858 and control lin1 plants, whereas the fungus extensively proliferated in the inoculated leaves of wild-type, empty vector and agb1.2 plants (Fig. 2C) . qPCR analysis also revealed reduced fungal biomass in MIM858 plants compared with control plants (Fig. 2D) .
MIM858 plants exhibited resistance to infection by C. higginsianum ( Fig. 2E-H ). In agreement with visual inspection of the fungal-infected plants, MIR858 plants that have been infected with C. higginsianum showed higher survival rates, reduced percentage of diseased leaf area and less fungal biomass relative to control plants (wild-type and empty vector) ( Fig. 2E-H) . The resistance phenotype of MIM858 plants to P. cucumerina and C. higginsianum infection is consistent with the phenotype of susceptibility that is observed in plants overexpressing MIR858.
During the course of this work, we also examined whether interference with miR858 activity confers resistance to FOC, a hemibiotrophic pathogen that causes wilt disease on a broad range of plant species, including A. thaliana Slusarenko 1994, O'Connell et al. 2004 ). Upon pathogen challenge, chlorosis and leaf curling were evident in control plants (wild-type and empty vector), culminating in yellowing and necrosis, whereas MIM858 lines exhibited much milder symptoms ( Supplementary Fig. S4A ). The FOC-inoculated MIM858 plants exhibited higher survival and reduced diseased leaf area as well as less fungal biomass in their leaves compared with control plants ( Supplementary Fig. S4B-D) . Collectively, disease resistance assays demonstrated that MIR858 overexpression increases susceptibility to infection by fungal pathogens, whereas interference with miR858 activity results in enhanced resistance to pathogen infection. These findings are consistent with a role for miR858 in regulating resistance to pathogen infection.
Moreover, we examined the expression of the defenserelated genes PDF1.2 and PR4 in MIM858 and MIR858 OE plants. As expected, infection with P. cucumerina induced the expression of these genes in wild-type plants (Fig. 3) . Note that PDF1.2 and PR4 expression was induced at a much higher level ) or mock inoculated. Four independent MIM858 lines were assayed (24 plants per genotype; results for lines #7, #10 and #14 are shown). Survival (B, F) and diseased leaf area (D, G) were quantified at 15 and 7 dpi, respectively. Histograms show the mean ± SD of three biological replicates (ANOVA test, *P 0.05, **P 0.01, ***P 0.001). (A) Appearance of wild-type (WT, Col 0), empty vector (EV) and MIM858 plants at 7 dpi after inoculation with P. cucumerina spores. The agb1.2 and lin1 mutants were used as controls (susceptibility and resistance to P. cucumerina, respectively). (B) Survival of P. cucumerina-inoculated MIM858 and control plants. (Fig. 3A) . In the literature there are many examples of resistance to pathogen infection in Arabidopsis with enhanced PDF1.2 expression, including resistance to P. cucumerina (Berrocal-Lobo et al. 2002 , Coego et al. 2005 . In contrast to this, P. cucumerina infection induced weaker activation of PDF1.2 and PR4 expression in MIR858 OE plants compared with wild-type plants (Fig. 3B) . We did not observe important differences in pathogen responsiveness of VSP2, LOX2, PR1a and NPR1 expression between MIM858 plants and MIR858 OE plants (Supplementary Fig. S5 ). As PDF1.2 and PR4 expression is known to be regulated by the defense-related hormone ET, the observation that MIM858 plants respond to pathogen infection with a superinduction of PDF1.2 and PR4 expression, while these genes are weakly induced in MIR858 OE plants, raises the possibility that miR858 is a negative regulator of ET-dependent signaling. Future research is needed to test whether interference with miR858 activity and/or MIR858 overexpression has an effect on ET signaling pathways in Arabidopsis immunity.
MIR858 expression is down-regulated during fungal infection and treatment with fungal elicitors
To gather further support for the involvement of miR858 in Arabidopsis immunity, we examined the accumulation of miR858a and miR858b precursor sequences (pre-miR858a and pre-miR-858b) in wild-type plants during infection with P. cucumerina. A down-regulation of MIR858 expression was observed during the entire period of infection examined here [24, 48 and 72 hours post-inoculation (hpi)] (Fig. 4A, left  panel) . The observed reduction in the accumulation of miR858 precursor transcripts in response to pathogen infection correlated well with a decrease in the accumulation of the corresponding mature miR858 sequences (Fig. 4A, left panel) . Similarly, miR858 accumulation (precursor and mature sequences) decreased in Arabidopsis plants that have been treated with a crude preparation of elicitors obtained by autoclaving and sonicating P. cucumerina mycelium (Fig. 4B) . Thus, not only pathogen infection, but also treatment with fungal elicitors results in down-regulation of MIR858 expression, suggesting a role for miR858 in PTI. We investigated whether the reduced level of miR858 accumulation in fungal-infected plants was the consequence of a reduced activity of the MIR858 promoter. Towards this end, we generated transgenic plants expressing the b-glucuronidase (GUS) reporter gene under the control of the MIR858A promoter (promMIR858A::GUS). The promMIR858A::GUS plants were inoculated with P. cucumerina spores, or mock inoculated. GUS activity was monitored by histochemical ( Fig. 4C ) and quantitative fluorimetric analysis ( Supplementary Fig. S6 ). The MIR858A promoter was found to be active in rosette leaves of mock-inoculated Arabidopsis plants, its activity being maintained during the entire experimental period (Fig. 4C, left  panel) . In contrast, a remarkable decrease in MIR858A promoter activity occurred in the P. cucumerina-inoculated promMIR858A::GUS plants that was not observed in the control prom35SCaMV::GUS plants ( Fig. 4C; Supplementary Fig. S6 ). These results indicated that MIR858A expression is transcriptionally repressed during P. cucumerina infection.
Resistance to P. cucumerina infection in MIM858 plants relies on the accumulation of phenylpropanoid compounds with antifungal activity A miR858-guided cleavage of transcripts encoding distinct members of the large family of MYB transcription factors is well documented. The miR858 target genes are: AtMYB11, AtMYB12, AtMYB13, AtMYB20 and AtMYB111 (Fahlgren et al. 2007 , Addo-Quaye et al. 2008 , Sharma et al. 2016 . Among them, AtMYB11, AtMYB12 and AtMYB111 are known to be involved in the biosynthesis of phytoalexins (Dubos et al. 2010 ). Although several other MYB genes are predicted to be target genes for miR858, their validation as miR858 targets is still lacking. We confirmed that MIM858 plants accumulate higher levels of miR858-targeted transcripts than the wild type caused by mimicry-triggered miR858 degradation ( Supplementary Fig. S7A ). We also confirmed down-regulation of the miR858-targeted genes involved in phytoalexin biosynthesis in MIR858 OE lines (e.g AtMYB11, AtMYB12 and AtMYB111) (Supplementary Fig. S7B ). These results indicated that expression of the flavonoid-specific AtMYB11, AtMYB12 and AtMYB111 genes is up-regulated and down-regulated in MIM858 plants and MIR858 OE plants, respectively. Furthermore, we observed that expression of AtMYB11, AtMYB12 and AtMYB111 is up-regulated by P. cucumerina infection in wild-type plants ( Supplementary Fig. S7C ), which is consistent with the observed down-regulation of MIR858 expression in P. cucumerina-infected wild-type plants (see Fig. 4A ). Regarding the function of the miR858 target genes AtMYB11, AtMYB12 and AtMYB111, these transcription factors are known to function as activators of genes involved in the production of flavonols from 4-coumaroyl-CoA, namely Chalcone synthase (CHS), Chalcone isomerase (CHI), Flavonol-3-hydroxylase (F3H) and Flavonol synthase1 (FLS1) (Mehrtens et al. 2005 , Stracke et al. 2007 , Liu et al. 2015 . Here it is worth mentioning that, with the exception of flavonol synthase, genes involved in the central pathway for flavonoid biosynthesis in Arabidopsis are mostly single-copy genes. Consistent with the observed up-regulation of flavonoid-specific MYB transcription factor genes in MIM858 plants, metabolome analysis revealed accumulation of flavonoids in these plants (Sharma et al. 2016) .
Phenylalanine serves as the precursor for the production of 4-coumaroyl-CoA, which is the precursor molecule for the flavonoid and lignin branches of the general phenylpropanoid pathway. We speculated that miR858-mediated alterations of AtMYB11, AtMYB12 and AtMYB111 expression in MIM858 plants could have an impact on the expression of genes in the general phenylpropanoid pathway, beyond the steps in which the miR858-targeted genes function. To test this possibility, we examined the expression of genes acting upstream of the flavonoid branch in the general phenylpropanoid pathway, i.e. genes involved in the production of p-coumaryl-CoA from phenylalanine. They were: PAL (Phenylalanine ammonia-lyase), C4H (Cinnamate-4-hydroxylase) and 4CL (4-Coumarate-CoAligase). Regarding PAL genes, up to four PAL genes have been identified in the Arabidopsis genome (PAL1, PAL2, PAL3 and PAL4). Expression analyses revealed up-regulation of PAL4, C4H and 4CL in MIM858 plants, whereas their expression was down-regulated in MIR858 OE plants (Fig. 5A, B) . As for the other PAL genes, PAL1 and PAL3 were down-regulated, but PAL2 expression was not affected, in MIM858 plants ( Supplementary Fig. S9A ). PAL1, PAL2 and PAL3 expression was not significantly affected in MIR858A OE plants ( Supplementary Fig. S9B ). These findings indicate that, in addition to the miR858-targeted MYB genes functioning in the flavonoid branch of the phenylpropanoid pathway, genes acting upstream of the flavonoid-specific pathway (e.g. PAL4, C4H and 4CL) are also regulated in MIM858 and MIR858 OE plants. Thus, interference with miR858 activity in MIM858 plants has consequences that go beyond alterations in flavonoid-specific MYB genes (AtMYB11, AtMYB12 and AtMYB111) in the general phenylpropanoid biosynthetic pathway.
Next, we investigated whether phenylpropanoid compounds, in particular flavonoids, are relevant in conferring disease resistance in MIM858 plants. For this, we examined flavonoid accumulation in leaves of wild-type, MIM858 and MIR858A OE plants that have been inoculated with P. cucumerina spores or mock inoculated. DPBA (diphenylboric acid 2-aminoethyl ester) staining was used to visualize flavonoid accumulation. DPBA binds to flavonoids and fluoresces in vivo, and the flavonoid-DPBA conjugates have a unique fluorescent color (e.g. yellow-green fluorescence corresponds to DPBA bound to the flavonol kaempferol) (Peer et al. 2001) . Microscopic analysis of DPBA-stained leaves revealed clear differences in flavonoid accumulation between MIM858 and wild-type plants. Under non-infection conditions, only a few tiny green fluorescence signals were distinguishable on the leaf surface of wild-type plants. In MIM858 plants, however, larger regions showing intense green-yellow fluorescence were Fig. 3 Expression of the defense-related genes PDF1.2 and PR4 in MIM858 (A) and MIR858 overexpressor (B) plants in response to P. cucumerina infection. Three-week-old plants were inoculated (+) with P. cucumerina spores (1 Â 10 6 spores ml
À1
) or mock inoculated (À) (gray and black bars, respectively). Gene expression analyses were carried out by RT-qPCR at 3 dpi. Histograms show the mean ± SD of one out three biological replicates, each with 24 plants per genotype, with similar results. Statistical significance was determined by ANOVA (***P 0.001).
consistently observed under non-infection conditions (Fig. 6A) . The green-yellow fluorescence of flavonoid-DPBA conjugates that is observed in MIM858 plants might well reveal kaempferol-DPBA conjugates, as previously reported (Peer et al. 2001) . In favor of this possibility, a metabolomic analysis of MIM858 plants revealed that kaempferol was the most abundant flavonoid accumulating in these plants (Sharma et al. 2016) .
Importantly, whereas the flavonoid-DPBA fluorescence localized at restricted areas in leaves of mock-inoculated plants, the fluorescence exhibited a more generalized distribution in P. cucumerina-infected leaves (Fig. 6A) . This generalized pattern of fluorescence was observed in fungal-infected wildtype and fungal-infected MIM858 plants. Plants overexpressing MIR858A did not show accumulation of flavonoid-DPBA fluorescence, under either control or infection conditions (Fig. 6A) .
We then hypothesized that the increased levels of flavonoids accumulating in MIM858 plants might be responsible for the phenotype of disease resistance that is observed in these plants. In this work, we investigated the possible antifungal activity of the flavonoids naringenin and kaempferol, as well as the phenylpropanoid p-coumaric acid. The two flavonoids (kaempferol and naringenin) were found to be effective for inhibition of P. cucumerina growth, the latter having a greater antifungal activity (Fig. 6B) . The phenylpropanoid p-coumaric acid was, however, more effective for inhibition of P. cucumerina growth than each one of the flavonoids (naringenin and kaempferol) (Fig. 6B) . After 48 h of incubation, a concentration of 1 mM p-coumaric acid results in 55% inhibition of P. cucumerina growth (45% growth of control cultures). Increasing the concentration of p-coumaric acid did not significantly increase the antifungal potency of this compound. Equally, when increasing the concentration of naringenin above 2 mM (or kaempherol above 4 mM), their antifungal activity did not increase further. These findings indicate that the potency of these compounds against P. cucumerina might have reached maximum values under the experimental conditions assayed here. Finally, microscopic observations of fungal cultures revealed alterations in the morphology of hyphae in cultures that have been grown in the presence of either compound. Hyphae with constricted regions were frequently observed in treated cultures compared with the control cultures ( Supplementary  Fig. S9 ). These findings suggest that accumulation of phenylpropanoid compounds exhibiting antifungal activity, such as kaempferol, naringenin and p-coumaric acid, might be responsible, at least in part, for the disease resistance phenotype that is observed in MIM858 plants.
Pathogen resistance in MIM858 plants does not requires lignification
It is generally assumed that lignification plays a role in resistance to pathogen infection (Miedes et al. 2014) . Lignin is deposited in the secondary cell wall, thus providing a physical barrier against pathogen invasion. However, the observation that MIM858 plants had reduced lignification in vascular and interfascicular tissues (Sharma et al. 2016 ) prompted us to investigate whether resistance to P. cucumerina infection in MIM858 plants depends on lignification.
Lignin accumulation was examined in mock-inoculated and P. cucumerina-inoculated wild-type, MIM858 and MIR858A OE plants using the whole-mount phloroglucinol staining method. In the absence of pathogen infection, lignin was detected in wild-type, but not in MIM858 plants (Fig. 7, upper panels) . Also, the expression of the lignin-specific CAD (cinnamyl alcohol dehydrogenase) genes (CAD5 and CAD6) involved in the synthesis of the immediate precursors of lignin was found to be down-regulated in MIM858 plants compared with wild-type plants ( Supplementary Fig. S10 ). Lignin accumulation greatly increased in response to fungal infection in wild-type plants, but not in MIM858 plants (Fig. 7, lower panels) . Finally, lignin accumulation in MIR858A plants was confirmed (Fig. 7, right  panels) .
From these results, it is concluded that lignification, most probably, does not contribute to pathogen resistance in MIM858 plants. Down-regulation of miR858 and concomitant up-regulation of miR858 target genes appears to re-direct the metabolic flux towards the production of phenylpropanoid compounds, some of them exhibiting antifungal activity, away from lignin biosynthesis.
Discussion
In this study we provide evidence for the involvement of miR858 in Arabidopsis immunity. We show that overexpression of miR858 renders Arabidopsis plants more susceptible to pathogen infection, whereas inhibition of miR858 activity by target mimics results in enhanced resistance to infection by necrotrophic (P. cucumerina) and hemibiotrophic (F. oxysporum f. sp. conglutinans and C. higginsianum) pathogens. These findings suggest that miR858 functions as a negative regulator of disease resistance in Arabidopsis. In wild-type plants, MIR858 expression is down-regulated not only during pathogen infection, but also in response to treatment with fungal elicitors, indicating that miR858 is a component of PTI. The increased resistance to fungal infection that is observed in MIM858 plants is associated with a stronger induction of PDF1.2 and PR4 expression upon pathogen challenge. Enhanced disease susceptibility in MIR858 OE plants is also consistent with a lower expression of these defense-related genes during pathogen infection.
Interestingly, blocking miR858 activity by target mimics results in up-regulation of the flavonoid-specific target genes AtMYB11, AtMYB12 and AtMYB111, as well as genes upstream of the flavonoid branch in the phenylpropanoid pathway (e.g. PAL4, C4H and 4CL). Thus, PAL4, C4H, 4CL and miR858-regulated MYB genes might be regulated in a co-ordinated manner in order to prioritize flavonoid production in MIM858 plants. At present, however, it is not possible to determine whether alterations in the expression of phenylpropanoid genes in MIM858 plants are due to a feed-back control by metabolite levels, or to protein-protein interactions with other regulatory proteins in transcriptional complexes controlling flavonoid biosynthesis. In this respect, enzymes involved in flavonoid biosynthesis have been proposed to form protein complexes, or metaboloms, to establish efficient metabolic flux of flavonoid biosynthesis (Waki et al. 2016) .
Visualization of flavonoids in Arabidopsis leaves using DPBA staining revealed changes in the pattern of flavonoid accumulation between the wild type and plants with altered expression of MIR858. In particular, MIM858 plants accumulated higher levels of flavonoids compared with wild-type plants, whereas flavonoids were barely detected in miR858 overexpressor plants. Furthermore, P. cucumerina infection induced flavonoid accumulation, the flavonoids showing a more widespread, generalized distribution in P. cucumerina-infected leaves than in mock-inoculated leaves. Given that flavonoids have been reported to be capable of long-distance movement in Arabidopsis (Buer et al. 2007 ), a widespread distribution of (miR858) analysis. Values represent the mean fold change of pre-miR858 or miR858 in infected (A) or elicitor-treated (B) vs. mock-treated samples based in three biological replicates per time point and log-scaled. Asterisks denote statistical differences in treated vs. non-treated plants at each time point (ANOVA, *P 0.05, **P 0.01; n = 3). (C) Histochemical analysis of GUS activity in MIR858prom::GUS plants that have been mock inoculated or inoculated with P. cucumerina spores (24, 48 and 72 hpi). As control, prom35SCaMV::GUS plants were used.
flavonoids in P. cucumerina-infected leaves points to a possible function for flavonoids as signaling molecules as part of the host defense response to pathogen infection. In other studies, flavonoids were proposed to function as signal molecules in auxin transport, or during symbiotic nitrogen fixation and mycorrhizal associations (Falcone Ferreyra et al. 2012) . Our data show that naringenin and kampherol, as well as pcoumaric acid, exhibit antifungal activity against P. cucumerina. Indeed, the antifungal potency of p-coumaric acid was higher than that of the two flavonoids assayed in this work. Knowing that these compounds accumulate in leaves of MIM858 plants (Sharma et al. 2016 , this study), it is likely that their accumulation contributes to antifungal resistance. The in vitro antifungal activity of the individual phenylpropanoid compounds assayed in this work (p-coumaric acid, naringenin and kaempferol) is, however, weaker than that of known plant antimicrobial peptides, such as lipid transfer proteins or thionins (Molina et al. 1993a , Molina et al. 1993b ). Resistance to infection in MIM858 plants might well rely on the simultaneous action and/or combined effect of antifungal activities of phenylpropanoids, including flavonoids, rather than on the activity of individual compounds. Along with this, the expression of genes involved in flavonoid biosynthesis is induced in the interaction of plants with different pathogens, and certain flavonoids (or flavonoid derivatives) isolated from plant tissues exhibited in vitro antimicrobial activity (Dai et al. 1996 , Galeotti et al. 2008 , Bollina et al. 2010 ). Concerning the mechanisms by which flavonoids exert their antifungal activity, it has been proposed that they function as ROS scavengers and chelators of metals that might generate ROS via the Fenton reaction. Potentially, flavonoids might act as antioxidant molecules in protecting the plant cell from oxidative stress induced by environmental stress (Falcone Ferreyra et al. 2012) . However, the relevance of the antioxidant properties for flavonoid in the plant response to pathogen infection is still a topic of debate.
Lignification has been associated with resistance to pathogen infection in different plant species. We show that sequestration of miR858 by target mimics in MIM858 plants leads to a reduction in lignin accumulation and down-regulation of genes encoding the specific and last step enzyme for production of monolignols (CAD5 and CAD6). Most importantly, no accumulation of lignin was observed in P. cucumerina-infected MIM858 plants, supporting that resistance to fungal infection in these plants does not require a lignification response. These results also indicated that, at some level, miR858-guided regulation of flavonoid-specific MYB genes is involved in the cross-talk between the two phenylpropanoid branches for the production of flavonols or monolignols. Interference with miR858 activity would then re-direct the phenylpropanoid pathway towards the production of antifungal compounds, including flavonoids, at the cost of lignin synthesis. In previous studies, it was reported that flavonoids accumulate in cell walls during pathogen infection (Dai et al. 1996) . It is then tempting to hypothesize that a reduced lignification in MIM858 plants may facilitate the incorporation of flavonoids in host cell walls. Further studies are, however, needed to clarify this aspect.
Under our experimental conditions, MIR858 OE plants and MIM858 plants grew and developed normally in the absence of pathogen infection. Differences in plant growth were, however, described in MIR858 OE or MIM858 plants compared with wildtype plants (Sharma et al. 2016) . A possible explanation for the different growth responses in MIR858 OE and MIM858 plants might be the photoperiod condition used to grow the plants. In our work, plants were always grown under neutral day condition (12 h light/12 h dark photoperiod), whereas Sharma et al. (2016) grew plants under a long-day photoperiod (16 h light/8 h dark photoperiod). A photoperiod-dependent regulation of MIR858 expression was also described (Sharma et al. 2016) .
Further studies are needed to establish whether links between light regulation of MIR858 expression and growth performance exist.
Collectivelly, the results presented here demonstrate that alterations in MIR858 expression have important consequences in disease resistance, and that Arabidopsis plants adjust their general phenylpropanoid metabolism in order to prioritize the production of phenylpropanoid compounds having antifungal activities as an effective immune response. The fact that a single miRNA, such as miR858, can regulate the expression of multiple genes involved in a specific pathway, such as the phenylpropanoid pathway, would ensure proper production of antifungal compounds as part of the plant defense response which, in turn, would increase the plant's ability to cope with pathogen infection. From a more practical point of view, this course of study can provide new ways to develop strategies to increase disease resistance in plants through inhibition of miR858 activity. In other studies, miR828 and miR858 were reported to regulate the expression of MYB2 gene homologs that function in Arabidopsis trichome formation and cotton fiber development, these particular miRNAs also being regulated during adaptation to high temperature in cotton (Guan et al. 2014) . MiR858 was also reported to mediate tolerance to drought stress in the desert plant Ammopiptanthus mongolicus (Gao et al. 2016 ). Very recently, Piya et al. (2017) described that miR858 post-transcriptionally regulates MYB83 during cyst nematode parasitism, a process in which miR858 and MYB83 expression appear to be connected through a feed-back circuit. Together, these observations point to a functional role for miR858 in different developmental processes and metabolism pathways, as well as during adaptation to biotic and abiotic stresses. Whether miR858 is a common component of plant adaptive responses to different types of environmental stresses needs to be further investigated. The information provided in this work extends our knowledge on miRNAs involved in plant immunity while laying the foundation for future research to uncover links between phenylpropanoid metabolism and plant immunity.
Materials and Methods
Plant and fungal materials
Arabidopsis thaliana (ecotype Columbia-0) plants were grown under a 12 h light/12 h dark photoperiod and 60% relative humidity at a temperature of 22 ± 2 C. For in vitro assays, seeds were grown for 14 d on Murashige and Skoog (MS) medium containing 0.8% agar and vitamins. The Arabidopsis mutants agb1.2 (Llorente et al. 2005 ) and lin1 (Gamir et al. 2014) were grown as described above.
Fungi were grown at 28 C on PDA (potato dextrose agar) supplemented with chloramphenicol (34 mg ml
À1
). Spores were collected adding sterile water and adjusted to the desired concentration using a Neubauer counting chamber.
Generation of transgenic Arabidopsis plants
For MIR858 overexpression, the DNA fragment containing the precursor sequence for each miR858 species was PCR amplified from genomic DNA using gene-specific primers (503 and 428 bp DNA fragments for the miR858a and miR858b precursor, respectively). Primers are listed in Supplementary Table S1 . Precursor DNA sequences were cloned into the pCAMBIA1300 binary vector under the control of the CaMV35S promoter.
To obtain the MIR858Apromoter:GUS construct, the DNA sequence of the MIR858A promoter region was extracted from the NCBI (http://www. ncbi.nlm.nih.gov). The transcription start site was identified by using the transcription start site identification program for plants (http://linux1.softberry.com/). The DNA sequence covering 2 kb upstream of the transcription start site of MIR858A was PCR amplified from genomic DNA, and cloned into the pCAMBIA1391z plant binary vector. All PCR products were verified by sequencing. The plant expression vectors were transferred to the Agrobacterium tumefaciens strain GV3101. Arabidopsis (Col-0) plants were transformed using the floral dip method. Transgenic lines harboring the empty vector (pCAMBIA1300 or pCAMBIA1391z) were also obtained and used as controls.
Fungal infection and elicitor treatment
Three-week-old Arabidopsis plants were spray-inoculated with a spore suspension of P. cucumerina at the appropriate concentration. In each case, at least three independent transgenic lines for each genotype were assayed (MIR858A OE or MIR858B OE, and MIM858 lines). As controls, wild-type and empty vector plants were assayed. The agb1.2 (susceptible) and lin1 (resistant) mutants were included in infection experiments with P. cucumerina. Infection assays with FOC were performed by applying the spore suspension to the soil near the base of the plant (200 ml, 1Â10 6 spores ml
À1
). Inoculations with C. higginsianum were carried out by placing two drops of the spore suspension on each leaf. Infected plants, as well as mock-inoculated plants were maintained under high humidity for the required period of time. The progress of disease symptoms was followed with time. Elicitor treatment was performed by spraying 3-week-old plants with an elicitor extract obtained from P. cucumerina (300 mg ml À1 ) as described (Casacuberta et al. 1992) . Three independent experiments (infection with fungal spores or treatment with fungal elicitors) were performed with at least 24 plants per genotype in each experiment. Statistically significant differences among genotypes were determined by one-way analysis of variance (ANOVA) test.
Lesion areas were quantified with the ASSESS v2.0 software on four inoculated leaves per plant (24 plants per genotype). Quantification of fungal DNA Fig. 7 Lignin accumulation in wild-type, MIM858 and MIR858 OE plants was determined by whole-mount phloroglucinol staining. Pictures were taken at 72 hpi with an Olympus DP71 camera. Scale bars represent 1 mm.
on infected leaves was carried out by real-time PCR using specific primers for the corresponding fungus and the Arabidopsis UBIQUITIN21 (At5g25760) gene as an internal control (Soto-Suarez et al. 2017) . PCR primers are listed in Supplementary Table S1 .
For trypan blue staining, leaves were fixed by vacuum infiltration for 1 h in ethanol : formaldehyde : acetic acid (80 : 3.5 : 5 by vol.), stained with lactophenol blue solution for 4 h and washed with 70% ethanol for 5 min. Leaves were placed in glass slides with glycerol and observed using a Zeiss Axiophot microscope.
Expression analysis by RT-qPCR and stem-loop RT-qPCR Total RNA was extracted from rosette leaves using the TRIzol Reagent (Invitrogen). Reverse transcription reactions were performed using DNase-treated total RNA (1 mg), reverse transcriptase (Applied Biosystems) and oligo(dT) 18 (Sigma, Aldrich). RT-qPCR (reverse transcription-quantitative PCR) was performed in optical 96-well plates in a Light Cycler 480 (Roche) using SYBR Õ Green. Primers were designed using Primer3 software (http:// www.ncbi.nlm.nih.gov). The average cycle threshold (Ct) values were obtained by PCR from three independent biological replicates and normalized to the average Ct values for the beta-tubulin2 gene from the same RNA preparations, yielding the ÁCt value or normalized expression (relative expression). The 2-ÁÁCt method was used to analyze relative changes in gene expression or fold change (infected/elicitor-treated vs. mock-inoculated) and visualized by log2 transformation. Primers used for RT-qPCR and stem-loop RT-PCR are listed in Supplementary Table S1 . ANOVA tests were used to evaluate differences in gene expression.
Analysis of GUS activity
Histochemical staining of GUS enzyme activity was performed according to Jefferson et al. (1987) . Briefly, leaves were fixed by vacuum infiltration for 1 h in ethanol : formaldehyde : acetic acid (80 : 3.5 : 5 by vol.), stained with lactophenol blue solution for 4 h and washed with 70% ethanol (5 min). Leaves were placed on glass slides with glycerol and observed using a Aixophot DP70 microscope. Quantitative GUS activity assay was carried out using the fluorimetric substrate 4-methylumbelliferyl-b-d-glucoronide (MUG) at a final concentration of 1 mM.
Determination of lignin content
Lignin accumulation was determined by whole-mount fluoroglucinol staining. For this, the Arabidopsis seedlings were fixed on 70% ethanol for 24 h, stained with phloroglucinol (0.012 mg ml À1 ethanol : HCl 50 : 50 v/v) for 2 min and washed with water (5 min). Leaves were placed on glass slides with glycerol and observed on an Olympus DP71 microscope.
In vivo staining of flavonoids
Flavonoids were visualized in vivo by the fluorescence of flavonoid-conjugated DPBA following the protocol described by Watkins et al. (2014) . Briefly, the leaves were excised and submerged in an aqueous solution containing 0.01% (v/v) Triton X-100 and 2.52 mg ml À1 DPBA for 2.5 h. Leaves were then washed in deionized water for 1 min. Fluorescence was recorded on an AixoPhotDP70 microscope with excitation at 488 nm. The DPBA fluorescence emission was collected between 520 and 600 nm.
In vitro antifungal assays
The in vitro antifungal activity of naringenin, kaempferol and p-coumaric acid was determined by measuring the absorbance of fungal cultures at 595 nm in 96-well microtiter plates (Cavallarin et al. 1998) . In microtiter plates, 150 ml of potato dextrose broth (PDB) medium containing chloramphenicol (0.03 mg ml À1 ) were mixed with 50 ml of P. cucumerina spores (106 spores ml À1 ). Spores were allowed to germinate for 6 h. The secondary metabolite was then added to the desired final concentration. The microtiter plates were incubated at 25 C for 48 h and the absorbance was read (OD 595 nm). Fungal growth was also checked microscopically to confirm the spectrophotometric data. As a control, the antifungal agent nystatin was used (0.1 mg ml À1 ). 
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